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ABSTRALT

The k-TIF mumerical sathod for calculatiag the tramsient dvaamics of twe
interpemetrating fluidas hes been extended and arplied 2o the studr of fiow (2
8 pressurized vater resctor duriag a hypothetical loss >f coolant accident.
The method is varified by the comparison o0f results uith suall scale experi-
asnts. The axtemsion to larger scale provides a temtative predicticn c¢f the
appropriate iaflow velocity scalimg required to achieve flow similarizy a2 all
scales.

INTRODTCTION

An arer of izterast in nuclear reactor safety studies is the hvpethetical
accident in vhich s sudden depressurization cf{ a pressurized vater reacsr
(MR) occurs through the rupturs of a vater {alet supply pipe. As a resul: cf
such a hypothetical depressurization the coolsnt vater iz the resctor core
would flash to s:esm snd {1l towurd the Droken iniet leg. Iz the unlikelyr
event of & loss of coolant accidant of this type, an emergencT water supply s
injected through the {ntact inlet legs into the dowvncomer, vhick s the annular
region between the reactor core and the outer vessel wvall. The effectiveness
of the emergency core covlant depends upon the amount that reaches the lower
pienus of the reactor; any coolant tiat {s entrained by the rising steam flov
and carried out the brokme !.g will de lost to the svstem.

Is this study ve sxamine the turdulent aixing of the iiyuid andé gas phases
in this downcomer regicn, asd the resulting msss, mowentus and heat tranmsfer
betveen the phases and the confining walls. Solutioms are cdtained chrough the
use of the K~TIF aumerical sethod [1] for calculating the transient dynamics of
tvo interpenetrating fluids movirg at far subsonic speeds. Mass and acementur
equations for the liquid and the gas and a temperature equation for the liquisd
are solved in this numerical procedure. The gas is alvays assumed to de at
saturation temperature. The capabllity exists for subdividing the gas phase
icto tvo components, stesm and air, in order to account fnr the possible intro-
duction of air to the system if the dowvncomer pressure falls below ambient.

The numerical method is vorified by & comparison of calculated resuits
vith experimental measurepents i{n scale models of existing PAR's for a variety
of water injection rates and subcoolings, stesm flov and pressure ramp rates
and vall superheat. The numerical method is also used to talculate flow at
scales larger than existing experimental]l wodels and at full scale. These sca.-
ing studies have a threefold purpose: to provide guidance for PRR licensing,
to aid in the interpretation of small scale experiments, and to help assess the
potential usefulness of propogsed large scale experimental facilities.



THE PEYSICAL MODEL

The flow model described hers is an extension of that proposed by Amsden
aad Barlow [l]. The reader is referred to that reference for a more detailed
description.

It is assumad in this study that sound velocity is auch greaier than ns-
terial valocity so that sicroscopic density is independent of position. HRow-
ever, the effect of temporal variatious in gas density as a result of overall
compression or expansion cf the fluid is included. With these considerations,
the zass conservation equationsy can be vritten

"
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The subscripts 1 and 2 refer to vater and gas, respectively; i is volume frac-
tion, U is velccity, - is msicroscopic demsity, J is the mass per unit volume
per ubil time changing phasa and S is the volume per unit volume par unit time
entering or leaving the system.

The steam is assumed tc de alvays at the saturation temperature, T .
Accordingly, the phase change model is vwritten

L Yeft (T1 - T’)/T‘ ’ 3)

where 7 is temperature and

J =27

\ >
. if Tl T‘ (evaporation)
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afs vy oo 3 1f T < T (condensation)
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Here 2 is the fraction of the gas volume that is steam, the remainder being
air. The form for *eff reflects the fact that evaporation can take place in

the abseuce of stean (there being an abundance of nucleation sites in this tur-
bulently mixed flow), but that condensation requires the movement of cool water
tc the phase transition interface vhere water and steam exist in equilibrium.
Concensation then takes place to the extent allowed by the release of latent
heat and the consequent heating of the water. UWe assume that the gas compo-
nents are sufficiently well mixed through turbulence that the available steam
can come into contact wvith the vater.

The ccefficient JL in Eq. (3) is a negative constant in the calculations

reported here, but an anticipsted extension is to relate
the local turbulent mixing rate.

Alr can enter the system through the broken vater supply pipe if the pres-
sure in the dovwncomer drops below the external pressure as a result of conden-
sation in the downcomer. This air is then convected throughout the downcomer
and lover plenum with the gas velocity. Its presence can affect condensation
locally by occupving volume that would othervwise be occupied by steam. How-
ever, in the highlv mixed, turbulent flow that we are considering, it is as-

sumed that the air does not obstruct the contact surface betwveen steam and
warer.

JL to the dagnitude of



The mumentum equations for this two-phase flow are written
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vhere p is the pressure, ; is the gravitational acceleration, vT is the kine-
natic eddy viscosity coefficieant and
+1l for J> 0
sign J =
-1 for J<O0 .
The momentum exchange functiom K has the form
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wvhere r is entity size and CD is the drag coefficient. If wz < 0.1, K i3 set

to a large value with the effect that the gas then moves with the liquid. With
this provision the k formulation in Eq. (7) reduces to the appropriate limits
for small wl and small wz. and is intended to be appropriacte for intermediate

values. This momentum exchange function was proposed by Harlow and Amsden [2]
on the basis of available momentum arguments. It lL.as previously been applied
in comparisons with countercurrent air-water experiments [3]. A discussion of
the choice of entity size is presented in the following section.

With the assumption that the steam is always at saturation temperature,
only a transport equation for water temperature is required,

YR JT zk (T, -T)
11 . > -8 .. w_dw__ s’
e TV (Thup) oy N I+ b, b) Y y (8)

Here Q is the specific latent heat of vaporization, bl is the specific heat of
the water, z is the number of walls adjacent to the water, kw is the thermal
conductivity of the wall, wa is the deep interior wall temperature, s is the

downcomer gap width and Y measures the depth ¢f penetration of a heating or
cooling wave into the wall. We assume in Eq. (8) that the wall edge is at sat-
uration temperature when water is adjacent to the wall. The presence of the
downcomar gap width, s, in the denominator of the heat flux term in Eq. (8) en-
sures that the effect of wall heat flux is diminished as the system scale size
is increased.

An equation for the depth of penetration, Yy, is obtained by assuming that
a solution to the wall heat diffusion equationm,
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1
can be expressed in terms of the sirilarity function,

n = 5/(2 »?) ) (10)

Here, Tw is the wall temparature, £ 1is distance from the wall edge and Kw is

the thermoastric conductivity. The solution to Eq. (9), subject to the appro-
priate boundary conditions, is

2
T“ wa + (‘1‘s - wa) [1 - e erf (n)]. (11)

We choose Y to be that value of £ at which Tw = .9 wa + .1 Ts. This oczurs

when n = 1.0 0r vy =2 v’Kut . From this we obtain an equation for the tirme

variation of 72,
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CHARACTERISTIC ENTITY SIZE

Some guidance regarding the variation of entity size with scale can be ob-
tained from empivical counter-current air-water flow correlations and the bal-
ance of forces concepts upon which they are based. At equilibrium, the balance
between buoyancy and drag forces acting over a single spherical drop can be
written,
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where r is the drop radius. If the average drop velocivy is zero, the dimen-
sionful quantitias can be grouped to give

2
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where ;2 iz the minimum gas velocity required to prevent water penetration.

The Wallis [4] and Kutateladze [4] correlations for zero water penetration dif-
fer in the manner of modcling the droplet diamever, 2r. Richter and Lovell [4]
found, when this entity size was assumed to scale in proportion to the pipe
size, that the left hand side of Eq. (13) remained approximately constant for
pipes with diameters less than two inches. This is the Wallis correlation.
However, this correlation breaks down at a larger pipes sizes, indicating a
limit to the importance of boundary effects on entity size.

¥Yor pipe sizes larger than 2 inches they found that the zero penetration
data coula best be correlated by using the Kutateladze correlation,

Yy
2r '[?(—F:—OTS'] = 0,11 in. for air-water, (14)
1 2



vhere O is the surface tension coefficienst. This form can be obtained by bal-
sncing surface tension and drag forces and using Eq. (13). Then

rz w 3/8 C_ Ve

15
" 3, -5 (13)

vaere We is the Weber number for an isolated drop. Equations (1..) and (15) are
equivalent when CDHQ = 0.67. 1In the numerical study we obtain the best agree-

sent with experiment when cD = 0.6, so that We = 1.1 is consistent with the

Kutateladze enti*y size expression. Indeed, in the numerical calculations we
have found that the use of a critical Weber number formulation for r, r = We x

> - 2
d/[oz(ul-uz) ], with We = 1.1, or the use of a constant value, r = 0.06 in. [in

good agreement with Eq. (14)], gives the best and essentially the same results.
Substituting Eq. (14) into Eq. (13), one can obtain the form of tae
Kutateladze correlation,
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Evaluating the right hand side of Eq. (16) with the values used in the numeri-
cal calculations gives a value of 1.5. In the Kutateladze correlation for
Pipes the value of the right hand side of Eq. (16) is generally found to be ap-
proximately 3.0 [4]. This quantitative discrepancy is quite acceptable ir view
of the differences in geometry between calculation and experiment as well as
the heuristic arguments leading to Eq. (16).

APPLICATION OF THE METHOD

A. Cowmparisons with 1/15 and 2/15-Scale Models of a PWR

The K~TIF code has been used to calculate a series cf transient steam-water
flows [5] for comparison with specific experiments [6] performed by Creare,
Inc. ip a 1/15th scale model of a pressurized water reactor. A comparison of
the calculated and experimental measurements of the time delay and rate of de-
livery of water from the downcomer to the lower plenum showed a consistent
trend for a variety of water injection rates and subcoolings, steam flow and
pressure ramp rates and wall superheat. In all cases the numerical calcula-
tions predicted a shorter delay time for the onset oy water delivery to the
lover plenum than was measured in the experiments.

The K-TIF model used in that comparison has since seen extended by several
modificaticns (e.g., the inclusion of an air component in the gas field and a
more local determination of the momentum exchange function, K) that tend to
prolong the delay time for water delivery. This extended version of K-TIF has
been used to simulate a rransient flow experiment performed in a 2/15 scale
model of a PWR by Battelle Colwxbus Laboratories [7]. Figure 1 shows the com-
putation mesh used in that numerical calculation. For display purposes the
downcomer annulus is pictured as unwrapped. In the calculations the flow is
resolved in the azimuthal (horizontal) and vertical directions, but flecw vari-
ations across the downcomer gap are not resclved. The left and right bound-
aries of the mesh are connected while the top is a free-slip boundary. The
bottom is a prescribed inflow boundary for the time-varying steam flow from the
lower plenun and a continuative outflow boundary for the water and the gas.

The deep lower plenum used in the experiment is not resolved in the calcula-
tiouns.
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Fig. 1. Computation mesh and boundary conditions used in flow comparison with
2/15 scale experiment by Battelle Columbus Laboratories. The cells
labeled I near the top of the mesh represent intact inler pipes for
coolant water. The cell labeled B represents a broken inlet pipe.
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Fig. 2. The transient steam flow (--=-) and lower plenum pressure (= -=) meas~

sured by Battelle Columbus Laboratories in a 2/15 scale model experi-
ment, representing a hypothetical loss of coolant accident in a PWR.



Emergency core coolant enters the downcomer through the three intact cold
water injection p'rts, labeled I, near the top of the mesh. Water and gas
(steam and air) can leave the downcomer through the broken cold water pipe,
labeled B. However, if the pressure in the downcomer falls below ambient as a
result of condensation, so that there is flow into the downcomer through the
broken leg, then the fluid flowing into the system is air. The two cross-
hatched mesh cells near the top of the mesh simulate hot water pipes connacting
the reactor core with the externmal power generating equipment. These are
treated as obstacles in the numerical calculation.

In the Battelle experiment, 168°F (93°K) subcooled water is injected at
the rate of 407 gallons (1541 liters) per minute through the three intact cold
legs. The time-varying steam flow and lower plenum pressure are shown in Fig.
2. The core barrel and vessel walls are at the initial saturation temperature,
303°F (424°K).

The r merical calculation of this experiment makes use of a computation
grid of square cells, 6.05 inches on a side, with 12 cells in the horizontal
direction and 7 cells in the vertical direction. The water injection rate
corresponds to that of the experiment, but the steam flow ramp rate and the
prassure transient used in the calculation are smooth representations of the
curves shown in Fig. 2.

Figure 2 also shows a comparison of the measured and calculated lower
plenum £filling curves as they vary in time. The experimental l1iquid level is
measured at discrete sensing positions, giving rise to a stair-step appearance
to the curve. The calculated liquid level is obtained by computing the total
volume of water crossing the bottom boundary of the downcomer and dividing by
the cross sectional area of the lower plenum. The two curves are in satisfac-
tory agreement regarding the Jdelay time for the omnset of water delivery to the
lower plenum, and in good agreement regarding the rate of delivery.

B. Sensitivity to Apparatus Scale Size

A gerles of K-TIF calculations has been performed in order to investigate
the sensitivity of the flow dymamics at different apparatus scales to the water
and steam inflow boundary condition scaling. It should be emphasized that the
resuits to be presented here are preliminary and that much additional work re-
mains to be done before a full understanding of flow variations with apparatus
scale is obtained. The tentative nature of the present results derives from
several considerations:

1. The lack of flow representation in the radial dir-ction, the conse-
quences of which could vary with scale.

2. Uncertainties regarding the constitutive relations. For e¢xample, the
mass exchange function, Eq. (3), does not take into account the turbulent na-
ture of the flow in the downcomer, which must have an important effect upon the
details of interphase mixing. The momentum exchange function, Eq. (7), is
rovel and has not yet been sufficiently tested for simpler flow conditioms.

3. While the flow model described here has been shown to give results
that are consistent with small scale experiments for many flow conditiomns [4],
quantitative agreement has not yet been demonstrated for a wide spectrum of
flow variations.

4. Some of the parameter variations considered in the following study
have not previously been tested in small scale comparisons.

With these reservations in mind, let us examine ‘he trends indicated in
these numerical calculations regarding the effects of various inflow scaling
formulas on the similarity of flow development at 2/15, 1/2, and full scales.

We shall describe flow similarity at different scales according to two crite-
ria:



1., Agreement in the per cent of injected water that has been delivered to
the lower plenum when the lower plenum is 907 full. This is an ixportant cri-
terion since it measures the effectiveness of the emergency core coolant supply
system 4t full scale. The ultimate usefulness of small scale experiments rests
on their ability to accurately predict the percentage.

2. Close similarity in fluid configuration at the onset of water delivery
to the lower plenum. It has been observed in these calculations that the dis-
tribution and dynamics of water flow in the downcomer develops in three stages,
as illustrated in Fig. 3. In the initial stage the water that is injected into
the downcomer accumulates as single large entities, or "globs.'" This water is
then entrained in the second stage by the upward directed steam flow and set in
a swirling motion in the region above the inlet legs. Because of a favorable
pressure gradient, part of this swirling water escapes from (bypasses) the sys-
tem through the broken inlet leg. In the final stage of flow development, suf-
ficient water accumulates below the intact cold legs that momentum transfer
from the steam produces bypass from below the broken leg.

Pepending on the inflow conditions, some flows may not proceed beyond the
first or the second stage of this development. For example, if the water in-
jection rate is small the local overpressure resulting from the inflow will not
be large. Hence there will be little spreading of the water interface, so that
the area of contact between the phases will remain small and little momentum
transfer will take place unless the steam flow rate is large. The water will
then fall into the lower plenum as two isolated streams below the injection
legs. With somewhat more spreadine or increased steam flow the momentum trans-
fer may be sufficient to give rise . ‘. 2 swirling flow development. Delivery
to the lower plenum then occurs as a single, rapidly falling water stream. As
the momentum transfer is increased even more, bypass may occur from below the
broken leg as indicated in Fig. 3. The increased contact area between the
phases results in increased momentum transfer through condensation and interfa-
cial drag. Water delivery to the lower plenum is tiereby delayed.

The second criterion that we have used in defirning flow similarity is that
the flows must have reached the same stage of flow d:velopment before the onset
of water delivery to the lower plenum. The reasonableness of this criterion
for flow similarity rests on the observation that tte timing and nature of flow
delivery from the downcomer to the lower plenum varias greatly depending upon
the stage of flow dev:lopment that has been reached. Therefore, if small scale
experiments are to be an accurate representation of full scale events, it would
appear to be important that the two flows have reached the same staze of flow
development prior to delivery to the lower plenum.

Calculations were performed at 2/15, 1/2, and full scales using the calcu-
lation mesh shown in Fig. 4. In these calculations the lower plenum is explic-
itly resolved as a linear extonsion of the downcomer with the appropriate vol-
ume. Boundary conditions are identical to those described for Fig. 1, except
that steam is now injected throughout the entire lower plenum rather than being
prescribed at the boundary between the downcomer and the lower plenum, and the
bottom boundary condition now represents a free-slip rigid wall.

The lower plenuu pressure, which is used to determine the gas density and
saturation temperature, was ramped from 175 psia to 60 psia in 10 seconds and
then held constant in all calculations. The steam injection velocity, which
corresponds to the volume rate of flow into the downcomer divided by its cross
sectional area, is linearly rampled from an ini:ial value to zero in 10 sec-
onds. The water injection velocity, determined Zrouw the volume rate of flow
through three inlet legs divided by the cross seciicnal area of the downcomer,
is a specified constant throughout any calculation.

Figures 5-8 show plots of water delivered to the lower plenum and bypassed
through the broken leg as percentages of the total water injected up to that

tdima FAar vawriane karmnas AfF dnflarr hAaumAdary cnand Firardan. Tha raenlte eahoun at



Fig. 3.
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Water volume flow plots showing three stages in flow development prior
to the onset of water delivery to the lower plenum. Top. The injected
water accumulates below the inlet legs. Middle. As a result of momen-
tum transfer from the steam, the water is set in a swirling motion in
the region above the inlet legs. Bottom Additional momentum transfer
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Fig. 4, Computation mesh ard boundary conditione used in the transient flow
comparisons at 2/15, 1/2, and full scales. In these calculations steam
was injected throughout those parts of the lower plenum that were not
occupied by water.

full scale are from the same calculation in all four plots. The water and
steam inflow specificatio~ used in that calculation are obtained from a system
calculation of a hypothetical loss of coolant accident in a full scale reactor.

The purpose of these comparisons is to determine which type of inflow
specification results in small scale results that are sjimilar to full scale in
the sense described above, i.e., that have the same per cent of injected water
delivered to the lower plenum when the lower plenum is 907 full, and that have
reached the same stage of flow development. The latter criterion is satisfied
in all cases except Fig. 6, for which the water and steam inflow velocities are
proporticnal to scale. In that case the 2/15 scale calculation did not develop
beyond the first stage of flow development, while the 1/2 scale calculation
reached the second stage of development and the full scale calculation reached
the third stage.

The first criterion for similarity of flow at different scales seems to be
best satisfied in Fig. 8, in which the inflow velocity of the water is propor-
tional co scale and the inflow velocity of the steam is the same at all scales.
Thus at this stage of the numerical scaling study this appears to be the bect
type of boundary specification.

The results in Figs. 5-8 can be explained in terms of the effeact that the
various inflow velocity specifications have on the area of contact and the rel-
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exchang~. The ares of conzact between the fluids is influenced to a great ex-
tent by the amount of spreading of the inflowing vater, and this spreading is
in turn related to the local overpressure resulting from the volumetric source
of water in that mesh cell. For an incomwpressible fluid the pressure change in
a control volume is proportional to the input rate of volume per unit volume
per unit time. If the inflow velocity of the water is proportional to scale,
then the overpressure, the spreading and the contact interfacial area will also
be proportional to scale. Whem the contact interface is proportional to scale,
the area available for mass azd momentum transfer through condensation and
fluid drag will also be proporiional to scale.

It is also imporuiant that the relative velocity between the phases be the
ssms at all scales in order that the mowentum transfer scale appropriately.

The relative velocity within the dovncomer is determined from the difference
betveen the inflow velocities of water and steam. However, since the inflow
velocity of the steam is many times that of the water, the relative velocity of
flow vithin the downcomer is primarily determined by the inflow velocity of the
steam.

Thus, similarity of flow at all scales requires that the inflow velocity
of the water ba proportional to scale and the inflow velocity of the steam be
the same at all scales. These are the cornditions that exisc for the three cal-
culations of Fig. &, and these results show a greater similarity of flow at
differant scale than those of Figs. 5-7.
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